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阻碍了 SS-NMR 在 SEI 膜研究中的应用。本论文通过将具有较大化学位移窗口
的 31P 核作为探针原子，在电解液中添加一种新型的有机磷酸酯类阻燃剂 N, N-
二烯丙基-二乙氧基磷酰胺 (DEDAPA) ，以在充放电过程中沉积在负极表面的来
自阻燃剂的含磷化合物为媒介，通过 31P MAS NMR 特征谱间接获得 SEI 膜的形
成和生长信息，探寻一个固体核磁共振技术研究 SEI 膜的新路径。本文分别采用
人工石墨材料和硅材料做为研究的锂离子电池负极材料，采用 31P MAS NMR，
同时结合 1H 和 7Li MAS NMR，详细研究了这两种负极材料上的 SEI 膜形成生
长信息。 
本文通过 1H 和 7Li MAS NMR 谱研究了人工石墨负极材料 SEI 膜在前两圈
充放电过程中的生成和增长，验证了石墨类材料 SEI 膜的主体部分在首次放电过
程中就已经形成的观点，此外发现在添加阻燃剂 DEDAPA 后 SEI 膜中含有更多
的有机化合物，结合 31P MAS NMR，分析得出这些有机化合物主要是来源于阻





















磷化合物可能的分子结构式。结合 7Li MAS NMR，发现含磷化合物在硅负极表
面形成和增厚的过程与整个 SEI 膜基本一致，表明这些含磷化合物不是孤立的沉
积在硅负极表面，而是添加阻燃剂后形成的“新”SEI 膜的组成部分。 



























   The Solid Electrolyte Surface (SEI) formed on electrodes in lithium-ion batteries 
has been considered as one of the most important parts in LIBs research area. Since 
SEI is tightly connected to the performance of LIBs system, deeply affects the 
calendar life, charge/discharge performance and capacity loss in the first circle of 
batteries, research on SEI has a great significance in understanding the failure of LIBs 
and developing better electrode materials. As a powerful in characterizing the local 
structure of materials, Solid State NMR (SS-NMR) has been used to investigate the 
LIBs for a long time. However, using SS-NMR to characterize the SEI on the 
electrodes in LIBs is rare. The key reason lies in that 7Li/6Li nucleus as a main probe 
to characterize the lithium salts in SEI by SS-NMR has been limited by their tiny 
chemical shift range. The lithium salts in SEI are all diamagnetic materials. 
   Here, we introduce the 31P nucleus which has a large chemical shift range as a new 
probe to detect the formation and increasing of SEI on the anode electrodes in LIBs. 
The electrolytes used in these LIBs were added with a novel fire retardant additive 
DEDAPA, and during the discharging /charging process, the phosphorus coming from 
the additive DEDAPA would accumulate on the anode surface and act as a new 
window to “see” the changes of SEI. In this way, a new way using SS-NMR would be 
built to investigate the properties of SEI. We chose artificial graphite and silicon as 
the anode materials for our experiments. Using 31P MAS NMR as a main tool, 
combined with 1H and 7Li MAS NMR, we carefully study the SEI formed on these 
two kinds of anodes after adding the additive DEDAPA into electrolytes. As for 
artificial graphite anode, at first we used 1H and 7Li MAS NMR to investigate samples 
with additive after charging /discharging process, and got a clear picture of the 
forming and increasing process of SEI during the two circles of charging and 
discharging. We proved the point that the main part of SEI on graphite materials has 

















additive into the electrolytes, there were more organic compounds in SEI. Combined 
with 31P MAS NMR spectra, we deduced that most of these organic compounds may 
come from the additive DEDAPA. After a more careful analysis of 31P MAS NMR 
spectra, we were sure that after the charging/discharging process, there were 
phosphorus compounds accumulated on the artificial graphite anode surface, coming 
from the additive. We found that the good electrical conductivity of artificial graphite 
was the reason for the bad repeatability in 31P MAS NMR spectra and discovered 
silicon, semiconductor material, was a perfect substitute anode material for our 
experiment in the next stage. 
Then we used 31P MAS NMR as a main tool to study the phosphorus compounds 
formed on silicon anode surface and clarified that there were two peaks in the 31P 
spectra of the silicon anode samples based on LiPF6 as electrolytes. With the help of 
the effect of electronegativity on chemical shift of phosphorus atoms and DFT 
calculation, we assigned two peaks from the accumulated phosphorus compounds to 
the possible compounds and gave out their molecular structural formula. Beside these, 
combining the information provided by 7Li MAS NMR, it was found that after adding 
additives into the electrolytes, the characters of the formation and increasing of the 
whole SEI was in good agreement with the process of the accumulation of these 
phosphorus compounds formed on silicon anode surface. Based on these results, we 
could conclude that these phosphorus compounds didn’t form on the silicon surface 
alone, but existed as an inseparable part of this “new” SEI formed after adding the 
additives. 
By building this indirect way to study SEI, we partially solved the problem that 
SS-NMR couldn’t separate the signals of various lithium salts in SEI when using 
7Li/6Li nucleus as the probe. Beyond these, investigating the decomposition products 
coming from additives on anode surface could be used to figure out the reaction 
flame-retardant additive evolved during the charging/discharging process and also 
provide laboratorial evidence to study the flame-retardant mechanism as well as 
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